Introduction
Sugarcane (Saccharum spp.) is one of the most important agricultural commodities in the world. It is cultivated in both tropical and subtropical regions. Approximately 50.2% of the world production comes from the Americas, 40.5% from Asia, 6.5% from Africa and 2.8% from Oceania (FAO 2017) . In 2016, 27 million hectares of sugarcane were planted, reaching a production of 1.9 billion ton. From this, 71.9% were planted solely in Brazil and India (FAO 2017) . About 40.2 and 27.7 million tons of sugar were produced by Brazil and India, respectively, representing 36.7% of the global sugar production (USDA 2017) . Besides the sugar production, the use of sugarcane as a biofuel feedstock has also increased the interest of researchers in this crop (Aitken et al. 2018; Menossi et al. 2008) .
Due to its high importance worldwide, sugarcane breeding programs have been challenged to release new varieties in a fast and cost-effective manner, considering different traits including resistance to diseases, high yield, and drought and waterlogging tolerance (Aitken et al. 2018; Li et al. 2018) . The use of molecular markers (any molecular phenotype derived from an expressed gene, such as isoenzymes, or from a specific segment of DNA that allows to discriminate individuals) has improved the effectiveness of conventional plant breeding achieving a great impact on crop production (Gouy et al. 2013 (Gouy et al. , 2014 Moose and Mumm 2008) . In diploid species, the use of advanced methods in breeding programs involving the use of molecular markers, such as genome-wide association study (GWAS) and genome wide selection (GWS) is already common (Piepho et al. 2008; Zargar et al. 2015) . However, the lack of both theoretical knowledge and proper analytical methods for polyploid species hinder the achievement of similar success compared to diploid crops. Studies show promising results, however simplified concepts are mostly considered, such as assumptions of diploid models (de Setta et al. 2014; Garcia et al. 2013; Gouy et al. 2013) .
Sugarcane genetics is widely acknowledged as one of the most complex among crops. Modern cultivars have interspecific origins, high and variable ploidy levels (frequently aneuploidy), high heterozygosity and large genomes. The estimated number of chromosomes range from 2n = 100 to 2n = 130, distributed in 12 homeologous groups, with a total genome size (2C) of 10 Gbp (giga base pairs) (D'Hont et al. , 1996 Piperidis et al. 2010; Riaño-Pachón and Mattiello 2017) . These characteristics imply many challenges in genetic studies of sugarcane, as well as the generation of genomic resources for this species (e.g. Riaño-Pachón and Mattiello 2017) .
Most studies with sugarcane using molecular markers are based on oversimplified concepts. The following scenarios can be assumed: (i) only a small part of the data is used (i.e. single dose markers, i.e. markers that segregate in a 1:1 ratio in the progeny), (ii) the genotypic information is assumed as pseudo-diploid (where all heterozygous classes are assumed as a single class), or (iii) the marker information is simplified to presence and absence of a reference allele (such as the information retrieved for dominant markers) in the individual's genotypes (Garcia et al. 2013; Gouy et al. 2013; Silva et al. 1993 ). This is not only due to the species' high ploidy level, but also to the high complexity of the genome. Therefore, the use of molecular markers in sugarcane is still underexploited, although no statistical analyses were performed to prove it. In addition, the analysis of scientific production trends over time may contribute to the understanding of the development level in a specific field and allow the detection of research opportunities (e.g. Liu et al. 2017; Tinoco et al. 2015) .
Thus, here we perform a science mapping analysis to understand the use of molecular markers in sugarcane and to unravel trends in the genetic information for this crop. We specifically address the current state of genetic studies using molecular markers for sugarcane using network analyses to show the most relevant journals, authors, papers, and countries publishing in the subject. We also evaluate the development of the use of these tools for the crop. We analyze bibliometric parameters such as the number of citations, number of publications per country, author's h-index scores, journal co-citation, authors and countries co-authorship and terms co-occurrence. Our scientometric analysis evinces the underutilization of molecular marker data for sugarcane, showing that the development in methodologies would significantly improve the understanding and use of genetic information for the crop. Our results also provide information to help on decision-making processes for directing research and funding efforts.
Materials and methods

Database survey and variables
We retrieved papers from the Thomson Reuters Web of Science database (WoS) (available at: http://apps.webof knowl edge.com) that reported the use of molecular markers in genetic studies of sugarcane. For this we used the following keywords: "genetic" AND "marker*" OR "molecular" AND "marker*," combined with "saccharum" OR "sugarcane." We also included in our research the specific terms for molecular markers classes (SNP, SSR, AFLP, RAPD, RFLP, isoz* and microssat*). The "*" is a wildcard that can take any value. Only papers presented in the WoS core collection were analyzed. The survey was performed based on the availability of publications in the database from 1945 until 2017. We refined the results removing reviews and studies that did not match with the search subject. The search was performed on January 20th, 2018, and full records with abstracts and citation data were retrieved.
The following variables were analyzed to collect bibliometric data: (i) year; (ii) journal; (iii) author; (iv) citations; (v) country; (vi) institutions of the authors; (vii) WoS subject areas; (viii) study subject area (fingerprinting or characterization, genetic diversity, mapping, molecular marker development, marker assisted selection (MAS), comparative genomics or evolution, marker-trait association); ix) terms co-occurrence; and x) class of molecular marker used in the study. We also verified the information about the number of polymorphic loci and the use of dosage information.
Scientific community organization
To describe the overall state of the art in publications using molecular markers for sugarcane and for the interpretation of the scientific community organization, we performed a series of bibliographic coupling network analyses using the program VOSviewer v. 1.6.6 (van Eck and Waltman 2010). Mapping and clustering procedures were conducted for the entire data set. The figures generated with VOSviewer software were distance-based maps, where the distance between two points reflected the strength of the relationship between them. Thus, a smaller distance reflects a stronger relationship. In addition, the size of the circles in the network maps represent the number of connections for a given entity (e.g., journal, authors, etc.). As the number of connections increase, the size of the circles for a given item of the entity increases. The construction of the maps was based on a similarity matrix. The measure used to compose this matrix was the association strength (for more information see Van Eck et al. 2006; Van Eck and Waltman 2007; Van Eck and Waltman 2009) . We used default parameters for all analyses performed with VOSviewer and also for the analysis carried out in the bibliometrix package (Aria and Cuccurullo 2017) .
Temporal trends in publication
Temporal trends in the number of papers published between 1945 and 2017 were analyzed. For this, we normalized the number of papers using molecular markers in sugarcane to the total number of papers using molecular markers in plant species, this was obtained replacing the sugarcane terms for "plant*." To verify whether the ploidy affects the number of publications on the use of molecular markers, we compared the annual increase in publications of sugarcane, a polyploid species, with rice (Oryza sativa), a diploid species. To verify whether other specific characteristics of sugarcane, irrespective of genome complexity, affect the number of publications, we compared the annual increase in publications of sugarcane with wheat (Triticum aestivum; hexaploid), another important polyploid crop (Kyriakidou et al. 2018) . For this, we performed the search of papers using the same criteria used for sugarcane, only replacing the sugarcane terms "saccharum" OR "sugarcane" for "oryza" OR "rice," and for "wheat" OR "triticum."
The number of articles obtained for rice and wheat were also normalized using the same approach adopted for sugarcane. Such normalization removes the natural effect of the increase in scientific publications and yields unbiased estimates of temporal trends in scientific production. The normalized values were calculated as z i = (x i − x min )/(x max − x min ), where z i is the normalized value, x i is the number of papers using molecular markers for the specific topic (i.e. sugarcane or rice terms), and x max and x min are the maximum and minimum values observed for the search considering molecular markers for any plant species.
Regressions between the normalized numbers of papers and year of publication were obtained for each of the specific topics (i.e., plant, rice, or sugarcane). The analyses were performed using the cor.test and lm functions implemented in the stats package in R environment (R Core Team 2018) . To compare the regression coefficients, we performed a t test considering the angular coefficients (β) and the standard error of each regression (SE) (t = β1 − β2/√ (SE 1 + SE 2 )).
Historical direct citation
We performed a historical direct citation network analysis to identify temporal features of core literature related to the use of molecular markers in sugarcane, using the bibliometrix R package. We plotted the top 20 most cited papers and connected them based on co-citations. In order to evaluate the time related importance of the studies, we plotted these values in a timescale. Arrows were plotted based on the relationship of citation across papers.
Journals
To identify the main journals publishing in the subject, we obtained the number of publications per journal using the bibliometrix R package. To obtain information of the scientific community organization, we analyzed the association among journals by the number of cross citations, considering only co-citation journals with at least ten publications with five citations. This strict threshold was used to obtain information only for the main journals that published the subject, since several journals have only a small number of published papers. We also analyzed the number of papers per journal and grouped the journals by area of research (Online Resource 4) to better understand the clusters found in the journal network.
Authors
Additionally, we analyzed the distribution of the number of authors per paper, as well as the total number of authors involved in the publications and their affiliations. The ranking of the ten most productive authors was also obtained. To analyze citation and productivity of each author, we obtained the number of citations of each paper, the most cited papers, and the h-indexes (Hirsch 2005 (Hirsch , 2007 for the ten most productive authors. The function Hindex implemented in the bibliometrix R package was used with the productivity and citation information of each author.
To analyze the temporal trends in collaboration based on the number of co-authors per paper, we used a linear regression fitted with the lm function implemented in the stats package in R (R Core Team 2018). In addition, to identify the relationship among authors, a network mapping was built using VOSviewer, to evaluate the partnership data of the main authors, we included only authors with a minimal number of ten papers and at least five citations.
Countries and institutions
The bibliometrix R package was used to retrieve data about countries and institutions publishing genetic studies using molecular markers for sugarcane. To verify the relationship among countries, a co-citation analysis was performed using VOSviewer, and country partnership levels were estimated by counting the number of different countries involved in each publication, allowing the construction of networks to visualize these relationships. For the country co-authorship analysis, we considered all countries with at least one paper, and the network was built only for countries that had connections.
Research areas and description of the papers' main topics
To obtain information of the research areas for each paper, we performed two classifications. At first, we considered WoS's research classification area. For this, the papers were submitted to the WoS analysis, in which a specific paper can be classified in multiple research areas. In the second stage, the papers were manually assigned to seven different areas (fingerprinting or characterization, genetic diversity, mapping, molecular marker development, marker assisted selection, comparative genomics or evolution, and markertrait association). In this analysis, each paper was manually classified in only one subject area. To describe the main terms used in the papers we built a term co-occurrence map using VOSviewer. This analysis was based on text data obtained from the WoS's search. The full count of terms was extracted from the title and abstract fields. We selected terms that appeared at least 30 times in the set of papers and applied a filter based in the relevance score, keeping 60% of the most relevant terms. All unspecific terms were excluded.
Markers
To obtain information considering the markers used in the papers, a manual search was performed. Data was obtained for the molecular marker' class the number of polymorphic loci, and the use of allele dose information. We also associated the marker classes and the date of publication to verify the distribution of the use of different molecular marker classes on time.
Results
Temporal trends
Our survey retrieved 344 papers reporting the use of molecular markers in sugarcane (Online Resource 1). The first paper in this subject was published in 1974, thus the temporal analysis includes the time frame between 1974 and 2017 ( Fig. 1) . The mean annual growth rate in the number of papers was 10.69%, but only 1.16% of the papers were published before 1990. A high increase in the number of papers using molecular markers occurred after 1990, most likely due to the Polymerase Chain Reaction (PCR) development. When we considered the normalized frequencies, although the number of papers published in sugarcane is relatively smaller when compared to the total number of papers found for any plant species, a significant and strong correlation was observed between the two distributions (r = 0.94; p < 2.23E , Fig. 1 ). We also found a significant difference between the growth rate in the number of papers per year for any plant species and ), and between the growths observed for sugarcane and wheat (t 3 = − 6.69, p = 2.672E −08
), but the comparison between sugarcane and rice was not significantly different (t 3 = 0.64, p = 0.527).
Historical direct citation
Overall, the 344 papers were cited 5735 times (Online Resource 1). Twelve papers had more than 80 citations and only 85 papers (24.71%) received more than 20 citations (Online Resource 1). The historical direct citation network analysis revealed that the most relevant papers were published between 1993 and 2006 (Fig. 2) . These papers represent the core literature on the use of molecular markers in sugarcane. The direction of the arrows shows that the most recent of the most relevant papers has cited many of the other most popular articles. This indicates a tendency for the knowledge generated on the subject to remain relevant on a scale exceeding ten years as observed in Lu et al. (1994) and D'Hont et al. (1994) , been cited by Alwala et al. (2006) and Aitken et al. (2005) . Based on the historical direct citation network we can highlight the importance of the studies published by Lu et al. (1994) , Grivet et al. (1996) and Aitken et al. (2005) . Lu et al. (1994) analyzed the relationship among ancestral species of sugarcane, identifying polymorphisms that could contribute for phylogenetic analyses. Grivet et al. (1996) obtained a genetic map and were able to identify patterns of meiotic pairing between chromosomes in a sugarcane hybrid, and Aitken et al. (2005) performed a study that provided extensive genetic map coverage for sugarcane, which was improved in 2014 (Aitken et al. 2014 ). In addition, Al-Janabi et al. (1993) did not present connections with the most recent papers. This study aimed to develop a protocol for the sugarcane DNA extraction. The decline in the popularity of this study over time is probably related to the emergence of new, more robust, sugarcane DNA extractions methodologies.
Journals
The 344 analyzed papers were published in 102 different journals. Most of these journals published less than 4 papers (81.37%, Online Resource 2). The journal Theoretical and Applied Genetics published the highest number of papers (TAG; 39), followed by Sugar Tech (ST; 29), Euphytica (EU; 25) and Molecular Breeding (MB; 19). Ten journals comprised nearly 50% of all publications (Fig. 3a) and were considered the main journals of publications using molecular markers in sugarcane. The co-citation analysis indicated two groups of bibliographic coupling (Fig. 3b , Online Resource 3). TAG, EU, MB, Genome (GE), and Genetics and Molecular Biology (GMB) composed the first group, and the second group comprised ST, Genetic Resources and Crop Evolution (GRCE), Genetic and Molecular Research (GMR), Pakistan Journal of Botany (PJB), and GMB (Fig. 3b, Online  Resource 3 ). An extra analysis was performed considering the relationship between journals of publication and area of research. The bibliographic coupling results (Fig. 3b) show that the cluster formed by GRCE, PJB, ST, and GMR mostly published in two subjects: (Wickham 2009 ). a Ranking of journals that published at least ten papers; b network analysis representing the bibliographic coupling among the 10 journals that published at least ten papers and with at least five citations fingerprinting and diversity analysis, while the other cluster comprising TAG, EU, MB, GE, and GMB multiple areas of publication were observed (Online resource 4).
Considering the authors' affiliation countries, most of the publications in Theoretical and Applied Genetics were developed in France. Sugar Tech publications were mainly from Indian authors. The publications in Molecular Breeding came mostly from USA and Australia, and publications in Genetics and Molecular Research came mostly from Brazilian authors (Online Resource 5).
Authors
We identified 1019 researchers publishing on the use of molecular markers in genetic studies of sugarcane. The number of authors per paper slightly increased since 1974 (r = 0.22; p = 3.89E −05
; Fig. 4a ). The total number of authors publishing per year, discounting duplicates, also increased significantly in the analyzed period (r = 0.86; p = 1.64E −09
, Fig. 4b ). Considering the total number of citations per author, the five most cited authors were Angelique D'Hont (1492 citations) followed by Jean C. Glaszmann (1257), Laurent Grivet (1015), Cathrine L. McIntyre (818), and Karen S. Aitken (444) (Online Resources 6 and 7). Fig. 4c ). The co-authorship analysis showed five groups (Fig. 4d) . Angelique D'Hont (node 15), Jean C. Glaszmann (node 12), Laurent Grivet (node 13), Cathrine L. McIntyre (node 8), and Karen S. Aitken (node10) had the five highest total link strengths (Fig. 4d, Online Resource 7) . The co-authorship network also brought evidence that international collaboration might increase publication impact. We can see that Glaszmann, JC and D'Hont, A (nodes 12 and 15 Fig. 4d ) presented the highest total link strength (Online Resource 7). They also presented high number of collaborations and international collaboration. The co-authorship groups also corresponded to the affiliation of the authors. Therefore, we had one group comprising Brazil affiliated authors (Fig. 4d, nodes 1-4) , one comprising North America and China affiliated authors (Fig. 4d, nodes 5-7) , one with Australia affiliated authors (Fig. 4d, nodes 8-10 ), and one formed by France affiliated authors (Fig. 4d, nodes 11-15 ). These countries also had the highest representativeness in publications in the theme (Fig. 5a ). Although Singh, R.K. from India had more than ten papers and was cited 78 times, he didn't have any connection with the authors in this network analysis (total strength = 0; Online Resource 7). We found a high and significant correlation between the total link strength of the co-authorship 
Countries and institutions
More than 80% of the studies were developed by researchers from India, Brazil, USA, Australia, France, and China (Fig. 5a ). These countries also showed the highest total link strength values in the collaboration analysis (Fig. 5b, Online Resource 9) , which reflects the relationship between the number of publications and the number of collaborations, it is interesting to notice that there was an association between the countries that presented international collaboration and the total number of citations per country (Online Resource 9). From the most frequent countries associated with the publications in the area (Fig. 5a ), USA and France researchers published during almost all the entire period analyzed (Fig. 5c ). India increased their publication after 2010 (Fig. 5c) . Brazil also participated with significant proportion of publications mostly after 2010 (Fig. 5c ). It is interesting to notice that specific locations such as Reunion and Guadeloupe, which are classified as French Overseas Departments and Territories, showed high frequency of publication when we analyzed the place of origin of the studies, because of this they were treated as an entity in the network analysis. Reunion, for example, showed a higher total link strength them Australia, and Guadeloupe showed the same total link strength then India (Online Resource 7).
Considering the institutions obtained with the WoS enhanced institution analysis, 248 institutions contributed in the production of the 344 papers. Seven institutions pro- 
Research areas and description of the papers' main topics
The WoS's research area classification attributed more than 50.0% of the classifications to "Plant sciences" (26.0%) and "Agronomy" (23.5%) (Online Resource 11). Considering the classification of the papers in seven areas (Online Resource 1). From the 344 papers, 36.05% (124) used molecular markers for fingerprinting of sugarcane varieties or species, 24.13% (83) for genetic diversity, and 21.80% (75) performed marker-trait association studies (Online Resource 1). These three subjects represented 81.98% of the total number of papers. The remaining 18.02% were classified as mapping analysis (28 papers, 8.14%), development of markers (25, 7.27%), marker-assisted selection (5, 1.45%), and comparative or evolutionary studies (4, 1.16%).
We found 40 main terms in the papers distributed in four groups (Fig. 6 ). One group (Fig. 6, red) contains the term "genetic diversity" linked to different molecular markers or terms related to molecular markers (e.g., RAPD, SSR, primer, band, fragment), as well as "cultivar" and "hybrids". In the second group (Fig. 6, green) the term "species" received the highest score connected to species related terms (e.g., S. spontaneum, S. officinarum), as well as to "sequence" and "genome". The third group (Fig. 6, blue) was composed by mapping-associated terms (e.g., map, linkage groups, QTL i.e. quantitative trait loci). For the last group (Fig. 6, yellow) "resistance" was the main term and it was linked with the related terms "brown rust" and "bru1" (name of the genetic region associated with the resistance of the brown rust in sugarcane; Glynn et al. 2013) . Therefore, the clusters found in this analysis corresponded to the seven research area of classification that was manually performed.
Markers
The papers mentioned 20 classes of different molecular markers used in studies of sugarcane (Online Resource 1). Microsatellites or Simple Sequence Repeat (SSR) were the most used molecular marker (34.45%), followed by RAPD (17.07%), AFLP (14.94%), RFLP (14.02%) and SNPs (6.10%) (Fig. 7) . Some papers used the combination of two or more than one molecular markers (Online Resource 1). For example, 17 papers reported the use of two classes, 12 papers reported the use three classes, and two papers reported information from four classes of markers (Online Resource 1). The use of SSR, AFLP and RAPD increased since 2004 (Fig. 8) . DArT and SNP markers were used after 2000, and represented only 10.06% of the papers considering the main marker classes (Fig. 8) . Sugarcane presents multiple copies of a given locus leading to high number of alleles and high heterozygosity. Therefore, a single marker can yield more than one band and the number of bands is normally used to provide information about the number of "molecular markers" applied in the studies instead of the real number of markers used. Hereafter, the number of bands used in the studies will be referred as "marker".
In our survey, 41.00% of the papers reported the use of less than 100 markers, 14.00% reported the use of less than 200, and 10.33% less than 300 markers. Only 13.33% of the studies reported the use of more than 1000 markers (Online Resource 1). Due to the high ploidy levels of sugarcane, allele dosage is an important information in molecular marker applications. Despite the evidence of dosage effects in expression of important economic traits in polyploids (Osborn et al. 2003) , only eight papers reported the use of allele dosage information. From the eight papers, seven reported the use of information from single and double-single dose markers and only one reported the use of information of more complex dosage (double, and triple dose markers; Online Resource 1).
Discussion
In this study, a scientometric analysis was applied to investigate the use of molecular markers in genetic studies for sugarcane. Temporal trends were analyzed and compared with the use of molecular markers in genetic studies of any plant species as well as for two other Fig. 7 Ranking of molecular marker classes considering the markers that were used at least 20 times in the set of analyzed papers. Analyses based on the Thomson Reuters Web of Science data from 1974 to 2017, artwork generated with ggplot2 (Wickham 2009) important crops, rice and wheat. Our results point out an increase in publications in the area, but also show that molecular marker data have been underexploited for sugarcane.
What is the current state of genetic studies using molecular markers for sugarcane?
The number of publications for sugarcane using molecular markers has significantly increased over time (Fig. 1) . Some of the spikes present in Fig. 1 can be explained by the development of technologies, for example in 1990 after the development of the PCR (Mullis and Faloona 1987) we can see a big increase in publication. This can be associated with new classes of markers being developed and used for genetic studies. The development of new high throughput sequencing technologies may also have driven an increase, starting in 2008 with the release of Roche 454 methodology and progressing to the technologies currently available (e.g., Illumina, PacBio, Torrent, Oxford Nanopore; Metzker 2010; Goodwin et al. 2016) .
However, we can also see a spike in the number of articles published after the year 2000, which could be associated with India and Brazil increasing their production of papers on the subject (Fig. 5c ). This period also coincides with the restoration of Brazilian public policies related to ethanol production as an alternative source of fuel, which started in (Wickham 2009) 1975. This had a great influence on automobile manufacturing from 1998 to 2000, and also on sugarcane production (Corrêa et al. 2017) . As a result of the implementation of funding for the development of alcohol, cutting edge papers were produced by Brazilian authors. Da Silva et al. (1993 Silva et al. ( , 1995 produced two articles that showed high impact on the historical direct citation network analysis (Fig. 2) . This validates how funding toward a specific research area can impact the quality of science production. It also validates the impact of international partnership since both studies were developed in collaboration between Brazil and the USA.
Considering the journal analyses, our results showed that the total number of journals publishing in the area (102) is still low, considering the total number of journals available at WoS's core collection. Moreover, the publications in the area are mainly focused on a few journals (Fig. 3) , with 50% of the publications coming from only nine journals (TAG, ST, EU, MB, GMR, GE, PJB, GRCE, and GMB).
The most frequent publications were from subject areas of plant science, agronomy, genetics heredity, and horticulture (Online Resource 11). Considering the subject classification, the majority of the studies were related to three areas: fingerprinting (describing or characterizing species or cultivars), genetic diversity analysis, and association studies. These topics comprised 81.98% of the total number of papers. These results show that there is still much to explore in order to generate knowledge for sugarcane. In addition, by analyzing the relationship between journals and area of research, we found that the research areas might have increased the probability of cross-citation among journals in the same cluster, which increased the strength of the relationship between them. In this case GRCE, PJB, ST, and GMR mainly published for fingerprinting and diversity analysis, while TAG, EU, MB, GE, and GMB, published in more diverse areas which might have increased the probability of cross-citation in different subjects, and thus increasing their relationship strength (Online Resource 4).
Our findings show dominance in country publication, where only six countries (India, Brazil, the USA, Australia, China, and France) were responsible for 80% of the published papers. In addition, two hundred and forty-eight institutions had published in the area but only seven had published more than 25 papers (Online Resource 10). We found an association between publication on the subject and sugarcane production, which could validate that crop production might have impact on research and publication for sugarcane. Considering the main countries associated with the publications on the subject, we can point out a connection with the number of publications and the production of sugarcane in the world, where the main countries publishing for the crop, were also amongst the top ten producers (FAO 2018). France is not listed among the ten main countries producing sugarcane, however the crop has gained importance in Europe. The French Overseas Departments and Territories (i.e., Guadeloupe, Martinique, Guyane and Reunion) present high production of the crop, mainly Reunion (available in: https ://frenc hfood inthe us.org/561). Reunion and Guadeloupe also presented significant link strength in our country network analysis, which can be evidence that crop production might have an impact on research and publication for sugarcane in these regions.
The number of authors publishing on the subject is increasing with time ( Fig. 4a, b) , and we found connectivity among researchers and institutions publishing worldwide, however only a few authors are responsible for the bridge between different research groups (Fig. 4d) . The majority of collaborations also occurred inside research groups and within countries which reinforce the connectivity within clusters from the same country (Figs. 4d,  5b ). In addition, the cutting-edge papers involving molecular markers in sugarcane are usually published by the same groups (e.g., leading by D'Hont, Hoarau, Cordeiro; Fig. 2 ).
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The majority of collaborations also occurred inside research groups and within countries, which reinforce the connectivity within clusters from the same country (Figs. 4d, 5b ). In addition, the cutting-edge papers involving molecular markers in sugarcane are most of the time published by the same groups (Fig. 2) . Our results support that international collaboration might increase publication impact. We can see that authors that presented the highest number of citation (high impact in the subject) also presented high numbers of international collaboration (e.g., Glaszmann, JC and D'Hont, A; nodes 12 and 15; Fig. 4d ; Online Resource 7). We can also infer about the favorable impact of international collaboration based in the results obtained in the country co-authorship analysis (Fig. 5) , where there was an association between the countries that presented international collaboration and the impact of the research produced, considering the total number of citations per country (Online Resource 9). Additional evidence of the positive effects of international collaboration can be seen in the publication of the first version of a genome for Saccharum spontaneum (i.e., one of the species used to generate the commercial sugarcane interspecific hybrids) at the Nature journal in 2018 . This research was developed by researchers from China, the USA, Canada, Colombia, and Brazil. International collaboration may have helped to overcome the amount of resources and knowledge allowing the sugarcane genome assembly.
In summary, despite the high agricultural importance of sugarcane world-wide, most of the research developed for the culture is generated by constricted groups of researchers, which can be a limiting factor for the progress of knowledge about this species. Scientific productivity and research impact are highly correlated with international collaboration among researchers and countries (Glänzel and De Lange 1997; Zitt et al. 2000; Low et al. 2014; Parreira et al. 2017; Farooq et al. 2018 ). In addition, investigating the influence of international collaborations on the production of scientific knowledge among all cultivated plants may be an interesting question for a future study.
How have molecular markers been utilized for sugarcane and which factors interfere with their use?
Our findings show a significant increase in publications for studies with molecular markers for genetic studies in sugarcane in recent decades. The comparison between the number of genetic studies for rice (a diploid organism) and for the studies on sugarcane allowed us to test the hypothesis: is the growth rate in sugarcane genetic studies affected by the complexity of its genome? Surprisingly, we verified that no significant difference was found in the temporal trends estimated for rice and sugarcane (Fig. 1) . In this case, the growth rate was not affected by the complexity of the genome. It is interesting to notice that sugarcane presents polyploidy, a large (10 Gb) and extreme complex genome (Le Cunff et al. 2008 ), while rice is a self-pollinated diploid species, with a small genome size that presents a reference genome (i.e. 466 Mb; Yu et al. 2002) .
To check whether there was something specific to sugarcane, irrespective of genome complexity, we performed the same comparison considering sugarcane and wheat. Wheat, like sugarcane, is an important polyploid crop that presents a large and interspecific genome (17 Gb; Kyriakidou et al. 2018) . Our results show that the growth rate of published research for wheat was significantly smaller than the rate observed for sugarcane. Combining both results obtained in the comparisons with wheat and rice, we can support the hypothesis that the growth rate of published research for sugarcane is as expected (no significant difference with the growth rate of published research for any plant), that this rate was not affected by the genome complexity (same rate presented by a diploid species), and that this growth can be bigger than the growth observed for other polyploids species (e.g. wheat).
Considering the previous results obtained for the growth rate of papers published and the results obtained for the classes and number of markers used in genetic studies for sugarcane, we can infer that the main difference between the use of molecular markers in sugarcane and other crops lies in the quantity and quality of information obtained from these tools. The advent of new DNA sequencing technologies allowed the development of a high number of markers throughout the genome of many diploid species. For example, in rice, genetic diversity analysis, association studies, linkage mapping, marker-assisted selection, and evolution studies have been performed with high-throughput markers such as SNPs and DArT (e.g., Choi and Purugganan 2018; Fuchs et al. 2016; Li et al. 2015; Morais Júnior et al. 2017; Yang et al. 2004) . For wheat the use of high-throughput markers has been also exploited (Poland et al. 2012; Wang et al. 2014; Würschum et al. 2013) . Meanwhile, only 6.10% of the sugarcane studies reported the use of SNPs and only 13.33% of the papers reported the use of more than one thousand markers. Most studies with sugarcane used dominant molecular markers such as RAPD and AFLP (Fig. 7) . In addition, due to the ploidy and genome complexity of sugarcane, the information generated from co-dominant molecular markers is often interpreted as presence and absence of markers (dominant information). The study of polyploids using molecular markers may be more difficult due to the chance of multiple loci segregating in these species. Moreover, chromosome pairing in meiosis may also lead to unexpected segregation in polyploids, such as double reduction (Amadeu et al. 2016) . Therefore, most studies in sugarcane were developed using makers that fit in an expected Mendelian class by segregation analysis, mostly using single-dose markers (alleles with only one dose and with Mendelian segregation of 1:1 in a biparental cross) (Garcia et al. 2013; Ming et al. 2002) .
The main reasons for the popularity of the molecular markers' classes SSR, RAPD, AFLP, and RFLP for sugarcane are the genetic characteristics of sugarcane and the historical factors of development and use of some technologies. These markers classes are widely used for analysis in sugarcane given the high amount of data that can be produced from a single primer, with low cost. However, most of the information retrieved is used as binary data, in other words, as the information generated by dominant makers, even though some of these markers are codominant (e.g. SSR) and could generate more information, such as heterozygosity and dosage. The use of molecular markers such as SNPs became popular after the development of high throughput sequencing technologies. The most accurate application of this technique involves the use of a reference genome sequence for the species under study or for phylogenetically close species (losing genotyping accuracy as the phylogenetic distance increases). Given the genetic complexity and the challenges in obtaining a reference genome for sugarcane, some markers classes, such SNPs and DArTs remain underexploited for this crop. While SSR, and markers for which no previous information of the genome is required, such as RAPD and RFLP, remain the most popular molecular marker systems for this crop (Figs. 7, 8 ), which are highly informative at a relatively low cost.
Furthermore, despite evidence that dosage information can improve the amount of information retrieved for sugarcane (Aitken et al. 2005; Silva et al. 1995) , few studies were developed for sugarcane exploiting other dosage levels besides single dose markers Wu et al. 2002) . Because of the lack of methodology and software for genetic analyses of polyploids, the information that molecular markers can generate for sugarcane has been underexploited.
Conclusions
Here we use a quantitative approach to uncover, for the first time, the structure of the production of scientific knowledge related to the use of molecular markers applied to sugarcane. We presented an overview on the subject and elucidate the relations of scientific production between authors and countries. Future prospects for research in sugarcane with the use of molecular markers are promising since our findings showed a regular increase in publications, and the draft genome for Saccharum spontaneum was published . However, the main reason for the lack of use of genomic information for sugarcane is still associated with the genome complexity and the absence of methods to deal with this factor. As a result, the use of molecular markers in sugarcane is still underexploited. Therefore, we suggest that the development of new methods, for the interpretation and use of more complex genetic data in sugarcane, is a strategic landmark that should be pursued in the near future. The development of new methods may complement the existing approaches that support the use of molecular markers in sugarcane and also for other polyploid species (Serang et al. 2012 ). This may also contribute in the application of knowledge, for example in the genetic breeding for the crop. Furthermore, we suggest special reinforcement in building international partnerships which can increase the impact and productivity of scientific research, promoting scientific knowledge and training of human resources for the subject. International partnership can promote sharing of technology and resources among countries which can also have impacts in science production.
